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Abstract 

It has been proposed that measurement in quantum mechanics 
results from spontaneous breaking of a symmetry of the measuring 
apparatus and could be a unitary process that preserves coherence. 
Viewed in this manner, it is argued, non-destructive measurements 
should preserve this coherence and be reversible. It is shown that ex- 
periments with maximally entangled bipartite states can indeed dis- 
tinguish between projective and unitary measurements. 



1 Introduction 

Measurement in quantum mechanics has been a source of much concern 
among physicists and philosophers p[j. There are two dominant views about 
it, namely that of Bohr and von Neumann and their respective followers. 
According to Bohr, the measuring instrument must be a macroscopic object 
that behaves according to the rules of classical physics [2j. The measured 
system interacts with such an apparatus to form an unanalyzahle whole which 
is mysterious. This makes the observed results apparatus-dependent or con- 
textual and statistical in nature. In von Neumann's approach, the measuring 
apparatus is treated quantum mechanically, and the linear and unitary quan- 
tum evolution ('process 2') results in an entanglement of the system with 
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the apparatus [5]. A measurement is then postulated as a non-unitary and 
non-quantum mechanical projection of this entangled state to one of the pos- 
sibilities with a definite probability ('process 1') The origin of 'process 1' 
is equally mysterious, and its necessity has been questioned [5j. It gives rise 
to the 'measurement problem'. In both these views the unobserved system 
does not 'possess' dynamical properties like position, momentum, spin com- 
ponents along specified directions, etc. though it can have definite kinematic 
properties such as mass, electric charge and other quantum numbers. 

The description of unobserved systems as having no definite values of dy- 
namical variables prior to measurement and the occurrence of definite values 
post-measurement is the hallmark of quantum mechanics that distinguishes 
it from classical physics. It is at the root of Bohr's Complementarity Princi- 
ple. The requirement of Boolean- valued results post-measurement is natural 
in any branch of science in which unambiguous results are imperative. The 
non-existence of Boolean-valued variables in pure states pre-measurement 
and their resolution into mixed states with Boolean-valued variables post- 
measurement characterizes quantum measurements [B]. 

Irreversibility is another feature of measurements that is often empha- 
sized. According to Wheeler's inerpretation of Bohr's view, for example, 
there is no 'phenomenon' until it has been brought to a close by an irreversible 
act of amplification such as the blackening of a grain of silver bromide solu- 
tion or the triggering of a photodetector p]. In von Neumann's view, too, 
the non-unitary reduction or projection of a pure state to a mixed state by 
the act of measurement or observation is an irreversible process. There are, 
however, certain types of ideal von Neumann measurement known as 'quan- 
tum nondemolition measurements' [8] that are irreversible but do not destroy 
the observed system and reproduce their outcome when repeated. 'Null re- 
sult measurements' are also possible in which a system need not be directly 
detected and demolished at all in order for a quantum measurement to occur 
- the absence of detection and demolition can also provide definite informa- 
tion about a system [9] . Irreversibility of such measurements is, however, not 
obvious and needs to be demonstrated [TD]. 
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2 Measurement as Spontaneous Symmetry 
Breaking: Undoing a Measurement 

It has been recently proposed that measurement can be viewed as the result 
of spontaneous breaking of a symmetry of the measuring apparatus treated 
as a quantum mechanical system [TT]. In this interpretation von Neumann's 
'process 1' is replaced by a unitary transition. Observations suggest that a 
quasi-closed system 

\X) = Y,Cm,n\Am)\Sn) (l) 

m,n 

in the Hilbert bundle describing the entangled system-measuring apparatus 
state becomes unstable against arbitrarily small environmental perturbations 
and spontaneously orients itself every time along one of the possible basis rays 
|^m)|'S'm) with probability \cm,m?- 

M^^^\X) = \A„,)\S^) (2) 

with M]^^-^M(jn) = 1. Since the ray orients itself along one of the basis rays 
every time, its projections on all the other basis rays vanish. The environ- 
mental perturbations may be due to a larger system in which the system \X) 
is situated and/or due to vacuum fluctuations as in atomic transitions. The 
conventional projection is given by 

n(m)l^) = Crn,rn\A'm)\Srn) (3) 

with Il(m) = \Sm)\Am){Sm\{Am\- The other projections are set equal to zero 
by hand, resulting in the loss of information about the system \X). The prin- 
cipal difference from the conventional projection postulate is therefore simply 
this: whereas in the conventional measurement result corresponds to 

a non-unitary and irreversible 'projection' of the total ray to one of its pos- 
sible basis rays followed by a normalization of the projected component (a 
patently non-quantum mechanical process), according to the new viewpoint 
the ray spontaneously orients itself completely along this ray with the same 
probability. Unitarity is preserved in the process, and the components along 
all other basis rays are automatically zero. These unitary transitions can be 
viewed as instances of spontaneous symmetry breaking (SSB) in the following 
sense. Let all states of the measuring apparatus (the "pointer states") be- 
fore measurement be a priori equally probable. Then they can be viewed as 
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degenerate ground states [12] • The different possibilities given by the right- 
hand side of Eqn. ([T]) can be viewed as "attractors" of the entangled state. 
When arbitrarily small and uniform perturbations are present, the state can 
make a unitary transition to one of these attractors, the choice of the partic- 
ular attractor in any given event being by pure chance [13]. Once the state 
reaches one of these degenerate attractors, it becomes stable because there 
is no dynamical reason for it to shift to any other attractor. 

Since the proposed measurement process results in the same outcomes 
with the same probabilities as a standard measurement in quantum mechan- 
ics, one may ask: is it yet another interpretation of quantum mechanics? The 
answer is no. If measurement is indeed a unitary process, it must preserve 
coherence and be reversible, though this will however not be evident in cases 
where macroscopic irreversibility is involved. Let us consider a qubit state 

\ij)o = a\0) + f3\l) (4) 

with |ap + |/3p = l. Let Mq be a measurement such that 

Mo\^)o = |0) (5) 

and Ml a measurement such that 

Mi|^)o = |l). (6) 

In standard quantum mechanics these are assumed to be projections, and 
projections, being many to one, are irreversible. The standard projection 
operators = 0,1) for measurement on a qubit are defined by IIoIIi = 
IIiIIo = and IIq + Hi = I. Let us represent the qubit state in the 2- 
dimensional space spanned by the basis vectors |0) and |1) by the column 
matrix 

i^)o = ( ; 

The projection operators in this space are reprented by the matrices 



y ' ' \oi 

which have no inverses, so that 

nol^)o = a ( J ) = «|o), ni|^)o = /? J ^ = /3\1) 
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are irreversible processes. The resulting states |0) and |1) have to be nor- 
malized by dividing by a and f3 respectively for further calculations with 
them. 

On the other hand, it is possible to represent the measurements Mq and 
Ml by the unitary matrices 

so that 

^01^^)0= (J) = |0), Mi|V^)o=(^5)=|l). 

Notice that no further normalization is required as in the case of a projection. 
The inverses of these matrices are given by 



Notice that MqMi ^ 0, MiMq ^ and Mq + Mi 7^ I, and hence Mq and Mi 
arc not projection operators. 

Now consider the density operator p— |'0)oo('0| ^^'^ 



po = M^pMl = ( J ) > ~P^ = MiP^l = ( S 



(7) 



Clearly, pf = pi{i = 0, l),Trpi — 1, and the pure state remains a pure state 
in both the cases. On the other hand, it is well-known that 

p = Hopnt + Hipnl = \f pVp, (8) 



and one has to define the sub-ensemble 

~ laP loo 



(9) 



of the states |0) by throwing away the sub-ensemble of the states and 
similarly 

p^-^jr.)- (10) 
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This results in the loss of information and non-unitarity. 
Finally, let us consider the two operators 



V: . °./„). (n) 



1 y ' \e- 

Let f3 = |/3|e*'^. Then, straightforward calculations show that 

UMoU^ = Mf^\ UMiU^ = Mf 1 (12) 

provided 6 = —20. 

If one chooses a and /3 to be real and equal to then it is easy to see 
that 

Mo = M^' = ^[I + tay] (13) 
Ml = M^' = ^[I-iay] (14) 



where ay is a Pauli matrix, and 



U={ ? ) (15) 



3 Qubits as Testing Grounds 

(i) Let us start with a heralded photonic state \4')in = |0) and convert it 
into the qubit state 1-0)0 (Eqn. H]) with a = /3 = ^ by passing it through 
a lossless 50 — 50 beamsplitter: Mi|0) = |'0)o. Let Di be an ideal detector 
placed after the beamsplitter to detect the state |1). Every time Di fails to 
detect a photon, a measurement Mq occurs and the state |0) results with 
50% probability. Then the reversing operation (Mo)~^ = Mi can be done 
with a second beamsplitter. The same final result would, however, hold if 
the first measurement were a projection IIo. Hence, this type of experiment 
with a single qubit cannot distinguish between IIo and Mq. 

(ii) Let us next consider the Bell state 

|^+) = 4^[|0)a 8) \1)b + |1)a ® \0)b] (16) 
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of two qubits labelled by A and B. The Hilbert space is H^^ = (g) 
with the standard basis {|0)a®|0)b, \0)a®\^)b, \^)a^\0)b, \'^)a®\^)b} which 
we will henceforth label as {|00), |01), |10), |11)}. Hence, the state will 
be written as 

|v^+) = i=[|01) + |10)]. (17) 

The important point about this bipartite state is that it can be written in 
terms of the two basis vectors |01) and |10) only. Hence, it can be written as 
a column vector in the 2-dimensional subspace of the full Hilbert space H^^ 
spanned by |01) and |10): 

Now, define the unitary operators 



and 



_ _ 1 ,„/o , 1 

Their inverses are 



(Mo^^)-i = M^"", (18) 
(Mi^^)-i = Mq^^. (19) 



It is easy to see that 



= (?)=|10)' (21) 



and that 



M^^M^^l^^) = |^+), (22) 
M^^Mf^\^+) = |^+). (23) 
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In practice, one can use U, given by (fT^ . as a flipper to implement the 
inverse operations UM^^W and UM^^W ((112), [H]). 

On the other hand, if measurements are projections Hq^ and Hf^ , they 
would turn the Bell state p = |\E'"'")(\E'"'"| into the mixed state p = X]i=o nipHj, 
which will destroy its coherence irreversibly. Hence, a state like I^E'"'') is a good 
candidate to use to test whether measurements are projective and irreversible 
or unitary and reversible. In practice it would be important to make use of 
'null result' measurements, and also to test whether the flnal state is a pure 
or mixed state by doing, for example, a quantum state tomography on it. 

Similar analyses can be done in a straightforward manner for the other 
three Bell states {|^^), $^)} as well as for path-spin entangled states [U]. 

4 Concluding Remarks 

I proposed earlier that a measurement occurs when the symmetry of the 
apparatus states is spontaneously broken, and is a unitary process. In this 
paper I have developed a simple mathematical formalism to describe unitary 
measurements in the case of single qubits and bipartite states such as Bell 
states and those involving path-spin entanglement. It is shown that non- 
destructive measurements on maximally entangled bipartite states like the 
Bell states can reveal to us whether measurements are fundamentally (a) 
non-unitary and irreversible, as assumed in standard quantum mechanics, 
or (b) unitary and reversible. Real experiments with such states should 
be of crucial importance in unravelling the true nature of measurement in 
quantum mechanics by telling us whether or not an 'agent '/'observer' that is 
responsible for projective measurements, and hence not subject to quantum 
mechanics, is indeed indispensable. 

There already exists theoretical and experimental evidence that measure- 
ments can be undone, but such measurements are unsharp, weak and non- 
unitary [HI [16]. We are here concerned with strong and sharp measurements 
that are traditionally considered to be projective. 

After Ref. [TT] appeared Vladan Plankovic pointed out to me (private 
communication) that he and his collaborators have also proposed sponta- 
neous symmetry breaking as a dynamical mechanism of superposition break- 
ing . Their proposal is, however, different from the one presented here in 
that in their scheme measurements are shown as continuous Landau phase 
transitions within a certain approximation. 
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